The Baltic Proper shows many signs of eutrophication. Nutrient changes over time have been discernable, and also within the Sea there are large spatial patterns. Present study analyses the spatial patterns of dissolved inorganic nitrogen and phosphorus as well as dissolved silicate (DSi) in the euphotic zone for the period 1990-2001. The focus is on the spatial heterogeneity with the aim to identify areas significantly different from the overall mean.
INTRODUCTION
Concern for the fate of the Baltic Sea has grown during the last decades as numerous signs of eutrophication have been found (Bonsdorff et al., 2001) . Today, the Baltic Sea represents one of the most eutrophied coastal areas in the world (Cloern, 2001) . Larsson et al. (1985) estimated an increase in phosphorous and nitrogen loads by a factor of eight and four, respectively, since the 1950s. These increased anthropogenic loads have gradually built up the nitrogen and phosphorus concentrations in the water mass (Nehring and Mattäus, 1991; Sandén and Rahm, 1993) . Simultaneously, the dissolved silicate (DSi) concentrations are decreasing (Sandén et al., 1991; Papush and Danielsson, 2006) . This is assumed to be a result of increased diatom production and deposition, which reduces the DSi stock in the water mass (Schelske et al., 1983; Conley et al., 1993) . Increased terrestrial retention of DSi due to river regulation and associated changes in weathering of soil and bedrock has also occurred (Humborg et al., 2000) . The riverine nitrogen and phosphorus loads and point sources have a distinct geographical pattern following population density as well as agricultural and industrial activities (Sweitzer et al., 1996) . The atmospheric deposition of nitrogen compounds also shows a large-scale NW-SE gradient with the highest concentration in the south-eastern Baltic Proper (Granat, 2001 ) and this, for the same reason as for the riverine loads. Regional management goals to reduce the anthropogenic impact often treat the Baltic Sea as a homogenous entity with little consideration to its spatial structure. These properties are essential for the understanding of the processes governing the nutrient dynamics as the key processes operate on different spatial scales, exemplified by e.g. the patchy nature of phytoplankton growth, localised up-welling of nutrient-rich water from deeper layers, and large-scale current transports of nutrients between different areas.
Present study aims to characterise large-scale spatial patterns of nutrients in the surface layer of the Baltic proper (BP). This is the largest basin of the Baltic Sea and is highly affected by eutrophication. The study is based on monitoring data. The monitoring activity has increased substantially since 1990 allowing the spatial patterns to be investigated in a better way than before. The results of this study will be an identification of areas with significantly higher respectively lower concentrations than the overall mean. Combined with nutrient load data and large-scale transports, this information will shed light on the underlying processes governing the large-scale silicate but also nitrogen and phosphorus patterns. This may facilitate the attempts to optimize future remedy actions.
MATERIALS AND METHODS

Study area
The Baltic Sea is located in the northern Europe (Fig. 1) . It has shallow and narrow connections to the Kattegat and the North Sea which lead to a limited water exchange. This results in a brackish Sea. The largest basin, the Baltic Proper, is an area with a well-mixed surface layer and a salinity stratified deeper layer. They are separated by a strong halocline. This limits both the rate of recycling of nutrients from the deeper layers and the supply of oxygen to them (Pers and Rahm, 2000) . On the other hand, this limited supply of oxygen leads to both hypoxia and denitrification and also facilitates the recycling of phosphate (Conley et al., 2002) and, to a certain amount, DSi, back to the water mass (Berner and Berner, 1996; Nixon et al., 1996) .
Fig. 1: Map over Baltic Proper with the major sea areas. The 60 m isobath is shown.
Trend tests have revealed increasing nitrate and phosphate concentrations in the water body during 1970-90 (Sandén and Rahm, 1993) as well as significantly decreasing DSi levels (Sandén et al., 1991) . During the last decade these trends are, however, decreasing (Papush and Danielsson, 2006) . Spatially, there is a north-south gradient in nitrogen and phosphorus loads with higher loads in the southern parts. These can be linked to the distribution of population, farming, industrial production, major rivers and point sources, hence, the major loads are found in the south-eastern parts (Sweitzer et al., 1996) . The atmospheric deposition, corresponding to a third of the nitrogen load from rivers and point sources, shows a similar SE-NW pattern (Granat, 2001; Bartnicki et al., 2001 ). Sandén and Danielsson (1995) showed that the average nutrient concentrations in the major sub-basins of the BP are very similar irrespective of season. This is because the coastal zone is omitted in their analysis. DSi, on the other hand, is a weathering product with major sources in the Gulf of Bothnia, thus it will show a different distribution pattern.
Data material
Data were retrieved from the Baltic Environmental Database at Stockholm University (Sokolov et al., 1997) . These include quality checked nutrient data from the marine monitoring programs of the riparian countries of the Baltic Sea, including hydrography and biochemistry. The riverine nutrient loads are based on the period [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] and data from the database NEST (http://www.mare.su.se/nest). This time period is chosen to harmonize with the model calculations by Wulff et al. (2001) as the latter is used in the discussion below. No dramatic changes have occurred during the last decade. In the present study, the immediately bioavailable DIN (dissolved inorganic nitrogen), DIP (dissolved inorganic phosphorus) and DSi are used to reflect the nutrient patterns. Salinity is included as a conservative tracer to indicate the origin of the water masses. Data are averaged over the upper 0-20 m, i.e. the euphotic zone, for the respective sampling event.
To handle seasonality in data, the years were divided into three periods November-March, April-June and July-October. By this, the seasonal cycle is resolved with high winter concentrations and decreasing levels during spring bloom, where after a successive restoring of the stocks occurs during autumn until the storage is refilled. Since the spring bloom sets off earlier in the southern parts than further north, the seasonal division may be slightly misleading, but the time lag is at most of the order of one month. The number of observations used for each nutrient is 8400, 7000 and 9200 for the winter, spring and autumn, respectively, over the time period 1990-2001.
Satellite pictures were used to estimate the extension of the cyanobacteria blooms. These pictures have been compiled on a daily basis by M. Hansson (SMHI). A satellite carrying a spectroradiometer (MODIS) with a resolution of 0.5 x 0.5 km has been used to identify cyanobacteria blooms each day during the summer season. The number of days with blooms is calculated for the time period 1997-2004. These data are primarily used in the Swedish algal monitoring program (year 2001 is lacking due to antenna problems).
Probability mapping
In the nutrient data set, some stations are visited more frequently than others. This will produce an unproportionally high weight for certain stations in common statistical analysis. Therefore, the method of probability mapping (Choynowski, 1959) was chosen as it takes into account the different number of observations per grid cell Read, 1985, 1989) . A recent application of the method is found in Danielsson et al. (2004) dealing with nutrient distributions in Kattegat (Baltic Sea). The essence of this method is that it uses probabilities based on a probability (Poisson) distribution and not on the observations themselves. The mapping gives a statistical measure of spatial heterogeneity by testing the null hypothesis that all cells have statistically the same median value taking the different number of observations into account. Median is chosen to avoid skewed representation in certain regions, e.g. close to river mouths. A rejection of the hypothesis means that the frequency of concentrations above or below the overall median is either significantly higher or lower than expected. A lattice with grid cells of size 1 o x 0.5 o (longitude x latitude) is used to aggregate stations into subareas, where all data within a grid cell are analysed as an ensemble. The chosen size of grid cell is a trade off between spatial resolution and observation frequency. Only cells with more than nine observations over the study period are used in order to minimise spurious results. Some cells will show a lack of data, especially during spring and autumn, due to the infrequent sampling.
RESULTS
The salinity concentration in the surface layer is in the range 6-8 PSU, with the highest salinities during winter and lowest during spring. Also this seasonality is reflected in the nutrient dynamics with typical seasonal patterns (Fig. 2) . Note that this variation is more pronounced for DIN and DIP than for DSi. The DIN concentrations are in the range 0.1-8 uM, the inorganic phosphorus concentrations are found in the interval 0.0-1.0 uM while the DSi concentrations are in the range 1-20 uM. 
Salinity
The salinity maps present the main hydrographical structures of the basin (Fig. 3a) . In the interior, there are a large number of cells with salinities significantly higher than the overall median. Lower concentrations are found along the coasts with large freshwater discharge from rivers, in the Gulf of Riga (GoR), and to some extent in the Gulf of Finland (GoF). Overlaying this pattern is a marked north-south gradient, with higher concentrations in the south.
Dissolved silica
The DSi concentrations are significantly higher in the coastal zone along the western border than elsewhere (Fig. 3b) . This high-concentration region reaches up into the southern part of the Bothnian Sea irrespective of season. The eastern part, including GoR and GoF, has significantly low concentrations. During spring, the concentration in the interior is significantly higher than the overall median. Later on, in the autumn, the conditions become more similar to the winter conditions with an interior close to the median but high concentrations in the southern parts.
Dissolved inorganic nitrogen
The DIN concentrations are generally lower in the interior than in the coastal areas (Fig. 3c) . Significantly high concentrations are found, for all seasons, in the eastern and southern coastal areas and are further enhanced in the GoR. Significantly low concentrations are located to the interior and the GoF. During spring, cells with significantly high concentrations are reduced to only a few along the eastern coast close to major river outlets. At the same time, the number of cells with significantly low concentrations increases, especially in the interior. This structure remains during autumn although the interior generally approaches the overall median concentration. 
Dissolved inorganic phosphorus
The spatial pattern for DIP is less pronounced than for the other two nutrients. The interior is more or less homogenous during spring (Fig. 3d) while significantly low levels dominate during autumn and winter. In GoR and GoF, as well as along the western and southern coasts, significantly high levels are found during all seasons. The only exception is GoR during spring and the southern coast during winter.
Cyanobacteria blooms
There is no clear trend in cyanobacteria blooms. The temporal extent of the blooms as well as their spatial patterns varies largely between years. The number of cyanobacteria bloom days reaches up to 20 days per year at a single location (Fig. 4) . In general, these pictures show an interior prone to cyanobacteria blooms, but generally unaffected coastal zones.
DISCUSSION
The numerous signs of eutrophication in the BP have lead to substantial remedy plans and actions. A majority of these actions have been focused on major point sources such as sewage treatment plants (HELCOM, 1998) . With a large number of point sources remedied, the interest has successively shifted to the more diffuse leakage from agriculture and forestry (Stålnacke, 1996) . Since the BP has been assumed nitrogen limited (Granéli et al., 1990) , this has emphazised the reduction of nitrogen loads in favour of the phosphorus ones. However, it has also become obvious in later years that internal sources such as phosphorus leaking anoxic sediments (Conley et al., 2002) and N-fixating cyanobacteria (Bianchi et al., 2000; Rahm et al., 2000) play quantitatively important roles in the eutrophication process. The reason behind these somewhat contradictive perspectives is to a large degree the spatiotemporal differences in production limitation which partly have been analyzed in Boesch et al. (2005) . The spring bloom is generally assumed nitrogen limited in the BP, the first phase is based on diatoms when nutrient levels are initially high but its supply limited due to the build up of a seasonal thermoclime. It is followed by dinoflagellates, which have the competitive advantage of being able to get the necessary DIN in deeper layers and then bring it up to the then depleted photic zone. The bloom usually ends when the DIN stock is exhausted. The following bloom will be based on N-fixation and the residual P stock, i.e. the production of cyanobacteria becomes P limited. Only a late autumn bloom, linked to a deepening thermocline, may again be N limited and in this case often based on diatoms. Note that the degradation of sedimenting organic matter may be connected to denitrification and thus loss of otherwise bioavailable N. It is obvious that during these conditions it is important to determine the governing mechanisms in the observed spatial patterns of nutrients.
Hydrographical differences
The residence time for salt is about a decade in the Baltic Proper (Wulff et al., 2001) . This dampens the impact of both short-term variation in freshwater load and episodic large inflows of saline water. The salinity distribution in Fig. 3a agrees well with the general view of the Baltic Proper hydrography. Seasonally, there is a large variation with lower salinities during spring flood, higher concentrations during autumn and highest concentrations during winter when the freshwater discharge is low. The northern interior and the coastal parts have significantly lower salinities depending on the large freshwater export from both GoR and GoF (~55% of the river discharge to BP; Wulff et al., 2001 ). The highest salinities are found in the south-western part as a result of the saltwater intrusion. Most of the motion and mixing in the area are atmospherically forced as is the residual anti-clockwise circulation (Palmén, 1930) . This circulation transports saline water from the entrance at the Danish Straits northwards along the eastern border while more brackish water flows southward along the western border (Eilola and Stigebrandt, 1998) . 
DSi patterns and loads
There is a clear seasonal pattern shown in the interior of the basin (Figs. 2, 3b) . The shift in the interior from mainly a high to a low level area during autumn may be explained by the limited DSi supply during the growth season. The northern and eastern BP, together with GoR and GoF, remain low concentration areas during all seasons, while the DSi levels in the western and southern parts of the BP are significantly higher than the average (Fig. 3b) . About half of the DSi load emanates from the eastern and southern coasts but only 9% from its western parts (Fig. 5) .
But how can the western parts show significantly high levels? It is probably a result of the large supply of DSi from the Bothnian Sea (~220 kton/yr; Wulff et al., 2001) . This is to some degree associated with the spreading of juvenile freshwater (i.e. freshwater trapped by seasonal stratification) from the northern part to the interior. Eilola and Stigebrandt (1998) explain the initially fast spreading of this water to wind forcing during spring, a forcing that decreases during summer with more calm conditions (Jönsson et al., 2002) . This suggests that also the DSi supply to the interior should decrease during the summer months.
Taking the residual circulation into account, it is reasonable to assume that the DSi from the Bothnian Sea is mainly transferred along the western border to the Kattegat. Assuming this, the retention along the western border should be in the order of the local nutrient load. In addition, the internal load is assumed negligible, as the recycling of silicate from the sediments is a slow process (Conley and Quigley, 1988) . Also, it is notable that the eastern parts are characterised by frequently low DSi levels. Here the high DSi riverine load seems balanced by a high diatom production.
DIN and DIP patterns and loads
Both the DIN and DIP distributions are generally characterized by an interior with significantly low concentrations (Fig. 3c, d ). The high DIN concentrations occur during the winter season along the western, southern and eastern coasts and in GoR and GoF reflecting the large riverine loads (Fig. 5) . During spring, high concentrations are found along the southern coasts and in GoR, i.e. close to the major river mouths dominated by spring floods. During autumn, the DIN patterns adjust to the winter ones, while the DIP distribution seems to approach its winter conditions a little slower. The significantly high concentrations of DIP are also located along the coasts close to major point sources and rivers. The less distinct pattern of DIP has also been noticed in a similar study in the Kattegat, where it was attributed to the influence of internal sources including sediment fluxes (Danielsson et al., 2004) . DIP has a high redox-controlled affinity to particles affecting its mobility (Conley et al., 2002) . A consequence of the high mobility in combination with a long residence time is that its distribution less well reflects its spatially distributed sources and processes.
The atmospheric nitrogen deposition shows a NW-SE gradient over the BP but the long length scales involved cannot substantially change the picture given above. The atmospheric deposition of DSi and DIP is negligible. Also the DIN and DON export from the Gulf of Bothnia is negligible, representing only a few percent of the total load to BP (see budget model by Wulff et al., 2001) . In fact, the corresponding inorganic and organic phosphorus loads are ''negative'', i.e. Bothnian Sea seems to import phosphorus from BP. The southern and eastern parts are, on the other hand, characterised by high loads from rivers and point sources (HELCOM, 1998; Grimvall and Stålnacke, 2001 ). In fact, almost all of the total terrestrial nitrogen load originates from the eastern parts. These results are supported by the total nitrogen and phosphorus loads presented for the May-October period by Stepanauskas et al. (2002) . Regional attempts to decrease the total loads have led to some reductions during latter years, especially among the larger point sources (HELCOM, 1998) . There has been a drastic decrease in fertiliser consumption, reduction in livestock and increases in sewage treatment capacity after the political changes in the eastern Baltic around 1990. Despite this, the nutrient loads have not decreased substantially (Löfgren et al., 1999) . This is probably due to the large storage capacity in soil and sediments supporting a continuous long-term leakage (Stålnacke et al., 2003) . Diffuse export of river loads from the coastal zone to the interior should take several months following Okubo (1971) . Voss et al. (2005a,b) have shown that land-based loads of DIN and PON (particulate organic nitrogen), in general, remain in the coastal zone. The nitrogen will either be denitrified or buried while the transport to the interior seems insignificant. Thus, the nutrient losses due to blooms in the interior should not be re-supplied on a time scale of a few months. This view is supported by the frequent occurrence of N-fixating cyanobacteria blooms in the interior ( Fig. 4 ; Finni et al., 2001) . These should represent a substantial internal nitrogen source during the summer periods (Savchuk and Wulff, 1999; Savage, 2005) . This source is of the same magnitude as the terrestrial load but seems to have large interannual variations Larsson et al., 2001 ).
For the western part, the situation is different. The import of nitrogen from the Bothnian Sea is almost negligible (Wulff et al., 2001) compared to the net export of nitrogen (mostly organic nitrogen; ON) to the Kattegat (~140 kton/yr; Wulff et al., 2001) . Based on the same argumentation as for DSi, the ON export should represent a substantial sink of DIN. The source of this nitrogen seems to come from terrestrial sources, primary production (including cyanobacteria blooms) and up-welling from deeper nutrient-rich layers. The latter occurs frequently along the western coast due to prevailing wind directions (Gidhagen, 1987) .
Implications of asymmetry
The spring bloom is mainly nitrogen limited (Grane´li et al., 1990) as discussed above. This bloom often leads to very low DIN but still substantial DIP concentrations in the euphotic zone (Granéli et al., 1990) . Under sunny and calm conditions, this may cause intense Nfixating cyanobacteria blooms if the supply rate of primarily DIN to the interior is limited as we have all reasons to believe. The frequency and spatial extent of these blooms seem to increase with on going eutrophication. This shift in species succession, i.e. the growth of cyanobacteria at the expense of diatoms and other phytoplankton species, will have farreaching consequences for the nutrient stocks, carbon cycling, food web and consequently for the management of the Baltic Sea. This view is also put forward in Boesch et al. (2005) .
High DSi supply from the Bothnian Sea and a similar export of DSi to Kattegat suggest a transfer of silicate through the western region. This transfer goes probably via a ''coastal current'' along the western coast. Coastal currents are a common feature in the Baltic (see e.g. Håkansson et al., 1996; Dahl, 2006) and they are essential parts of the anti-clockwise circulation of the major Baltic basins. The geostrophy together with topography and freshwater supply governs the flow. A considerable amount of DON (Wulff et al., 2001 ) is probably exported to the Kattegat along this route.
The southern and eastern coastal areas receive high nutrient loads. Consequently, the prerequisites for high primary production, in general, seem fulfilled along these borders. Kahru et al. (1994) found an east-west asymmetry with few visible blooms in the southern and south-eastern parts of the BP and more frequent blooms along the western and northern borders. Present study shows an interior prone to cyanobacteria blooms, but generally unaffected coastal zones (Fig. 4) . The interannual variation is largely due to a high sensitivity to solar radiation and wind mixing controlling the coastal-interior exchange. A consequence should be a generally limited diatom production in the interior despite good supply of DSi due to the lack of DIN. In contrast stands the eastern region which has a good supply of all nutriaents during the whole year.
CONCLUSIONS
Present study shows that there are statistically significant differences between the western and eastern coastal zones as well as the interior with regard to DIN, DIP and DSi. This suggests biogeochemically different domains separated by geophysical constraints (wind mixing, stratification and circulation) and nutrient loads. Further, at the eastern border the primary production is supported by high riverine and point source loads, while along the western border the riverine nutrient loads are limited. However, in the latter part, there seems to be a transport of Bothnian Sea water to Kattegat which is rich in DSi but low in DIP and DIN. Nutrient transports from the coasts to the interior seem less efficient which leads to repeated lack of DIN in the interior after the spring bloom while P still remains in useful concentrations, which facilitates a pronounced cyanobacteria bloom. On the other hand, the interior is continuously recharged with nutrients from internal sources, but they probably act on longer time scales than those which govern the growth period. These decadal monitoring data agree well with annual cumulative cyanobacteria blooms based on daily satellite pictures.
A merit of the statistical method used is that it gives quantitative measures based on spatial distribution of nutrients from the regional monitoring program ''irrespective'' of its varying spatio-temporal resolution. A conclusion for the future Baltic management is that the discussed spatial asymmetry and its causes should be considered in future plans to reduce the effect of eutrophication. Substantial changes in loading require huge regional economic investments why optimizations are necessary. The results above regarding the regional differences in external/internal loads and production suggest both a general decrease in P loads and a reduction in N loads with focus on the eastern parts. This should in the long run decrease the cyanobacteria blooms and intense phytoplankton blooms along the eastern Baltic coast. The present simplistic approach ignoring the various regional characteristics will be both counterproductive and expensive.
